Transsphenoidal surgery is the most indicated approach not only for small and large pituitary adenomas but also for huge ones. A modified transsphenoidal technique to remove huge pituitary adenomas with marked suprasellar extension (4-8 cm of maximum diameter) resulted very useful in authors' experience. The technique allowed avoiding the occurrence of a precocious descent of the suprasellar cisternal plane into the sellar plane during tumor removal and its related dangerous consequences. Technique was performed opening at the beginning only the lateral parts of peritumoral dura mater, and after removal of lateral parts of the tumor, the central part of peritumoral dura mater was opened and the central intrasellar and suprasellar parts of the tumor were removed. Comparing the results to similar patients operated by the same authors with standard surgical technique, we observed that total removal was accomplished in 64% of patients treated with modified technique than 45% of patients treated with standard transsphenoidal surgery. Moreover, better results were achieved concerning intraoperative CSF leak, postoperative CSF fistula, and average time of postoperative stay in hospital. For invasive dumbbell-shaped pituitary adenomas, particular therapeutic plans are necessary.
Introduction
Voluminous pituitary adenomas with marked suprasellar extension can be effectively treated by transsphenoidal surgery [1] , except for rare cases in which transcranial approach should be performed [2] . Regardless tumor size, invasive or noninvasive behavior of the adenoma is a crucial factor that influences extent of tumor removal. Huge noninvasive pituitary adenomas are extra-arachnoid tumors, compressing and displacing suprasellar nervous and vascular structures, and adequate surgical technique allows total or gross total removal avoiding complications (intraoperative cerebrospinal fluid fistula, vascular damages, etc.). On the other hand, invasive dumbbell-shaped tumors pass through diaphragm sellae and arachnoid membrane without compressing or displacing but encasing vascular and nervous structures. Removal of suprasellar portions of these last tumors is very dangerous because critical structures are encountered before suprasellar portion of the tumor, differently from noninvasive tumors, which displace neurovascular structures above the tumor.
Main body
Out of more than 1400 pituitary adenomas operated on in our institute (by Bernardo 
Patients population and clinical data
Patients' age was between 17 and 81 years, with average age of 54.4 years; 77 were female and 61 male. All patients presented visual disturbances, consisting in bitemporal hemianopsia in all ones, visual acuity deficit in 103 patients, and abducens and oculomotor nerve palsy in 11 and 5 patients, respectively. Symptomatic hypopituitarism was registered in 69 patients, while subclinical hormonal deficits were discovered in other 45 patients; these last patients were treated with substitutive hormonal therapy before and after surgery. Normal hormonal status, although if corresponding to the inferior limits of the normal reference range, was evident in the other 24 patients.
MR tumors characteristics
At preoperative MRI, enlargement of sella turcica and suprasellar extension was present in all tumors; prevalent median extension was present in 121, while lateral extension into the temporal lobe was evident in 12 and anterior frontal extension in 5 patients; in 127 patients, optic chiasm was above displaced, while in the other 11, it was encased into the tumor. A1 tracts of anterior cerebral arteries were superiorly and laterally displaced (Figure 1 ) in 131, while in the other 7 patients, they were encased in the tumor (Figures 2 and 3) . Unilateral and bilateral cavernous sinus invasion were evident in 39 and 6 adenomas, respectively. In invasive tumors, angio-MR images show normal position of A1 tracts of anterior cerebral arteries (Figure 2) , differently from huge noninvasive adenomas which cause displacement of vascular (Figure 1 ) and nervous structures.
Therapeutic strategy
Considering that adenomas of this series were invasive, and of large size, our therapeutic strategy was to remove tumor as most as possible, avoiding to remove invasive tumoral component strictly connected to crucial neurovascular structures, which are often encased into the tumor; hazardous maneuvers were avoided, such as other authors reported for other benign tumors of sellar-suprasellar compartment [3] . In the cases of huge invasive adenomas with involvement of optic chiasm, A1 tracts of anterior cerebral arteries and diencephalus crossed the tumors and were not above displaced (Figures 3 and 4) : we programmed a staged transsphenoidal surgery, as other authors [4] , programming the second stage when the tumor remnant would had been descended into the sellar cave. In order to perform the second programmed stage, neuronavigator was employed, as previously described, because anatomical landmarks could have become unclear because of the previous operation. For pituitary adenomas invading cavernous sinuses ( Figure 5 ) and for tumors with anterior or lateral extension to frontal or temporal lobe (Figure 4) , respectively, therapeutic strategy was to remove the median intrasuprasellar part of tumor, without performing access to cavernous sinus and without performing extensive transsphenoidal approach or transcranial approach to remove frontal and temporal tumor portions. Therapy for these tumoral portions was hypofractionated stereotactic radiotherapy (HSRT).
Surgery
Transsphenoidal surgery was performed through submucosal approach through one nostril, in 38 cases with the aid of angulated endoscope. The supine position [5] was used in all patients. In 71, the microsurgical approach was endoscope assisted. As previously described, in these voluminous tumors, if surgical removal starts from the central part of the adenoma, the suprasellar cisternal plane can precociously descend into the sella turcica, compressing portions of the tumor toward the lateral sides of the operative field ( Figure 6A) ; therefore, these parts of tumor become difficult to remove, also with the aid of the endoscope. In this case, it is frequent damaging the suprasellar cisternal plane (intraoperative CSF leak) and the related possible complications as stretch of the optic chiasm and postoperative rhinoliquorrhea. The modified technique for these voluminous adenomas consisted in opening at the beginning only the lateral parts of peritumoral dura mater ( Figure 6B ). In this way, the central part of the dura mater remains in support of the central part of tumor and suprasellar cisternal plane. After removal of lateral parts of the tumor, the central part of peritumoral dura mater is opened and the central intrasellar and suprasellar parts of the tumor are removed [6] .
Peritumoral anterior and/or posterior prepontine dura mater was infiltrated in all patients; surgical removal was conducted in each patient until the suprasellar arachnoidal plane, which was, at operative microscopic/endoscopic view, infiltrated by the tumor in 98 cases. Suprasellar arachnoidal plane was preserved in all patients but four, so that in these last patients, meticulous reconstruction of skull base defect was necessary to avoid postoperative rhinoliquorrhea. At operative view, the tumor in 39 patients invaded lateral sides of operative field that were medial wall of cavernous sinuses. Four patients were submitted, during an average period of 12 months, to two-staged transsphenoidal surgery; after first operation, because tumor remnant was voluminous and too close to optic chiasm, a second operation was performed after several months to achieve a satisfactory optic nerve decompression and possibility to perform a safe radiotherapic treatment. In one patient affected by macroadenoma with encasement of optic chiasm and A1 tracts of anterior cerebral arteries without displacement, the intrasellar and a quite small suprasellar portion of tumor were removed at surgery, and 6 months after surgery, the tumor remnant descended into the sellar cave.
Concerning the 12 and 5 patients presenting respectively temporal and frontal tumor extension, surgical strategy was to remove only the intrasellar and suprasellar median tumoral portion to decompress optic chiasm; MRI was performed after 1 month, and in no case, the lateral/frontal tumor remnant descended into the sella turcica. Hypofractionated radiotherapy was programmed also in these patients.
Postoperative radiotherapy
The treatment of choice for this series of patients was hypofractionated stereotactic radiotherapy (HSRT); the treatment was performed in all patients between 1 and 4 months after surgery. Only in one patient, radiotherapy was performed 5 years after surgery, although a clear initial regrowth had been documented after the second year of follow-up, but the patient during the years after surgery was controlled only by other specialists and the progressive tumor regrow was not well enlightened. HSRT was then performed when the tumor had become quite large and occupied the entire sellar cave but without suprasellar extension; patient preferred radiotherapy than a new operation. Radiotherapic centering was performed in all patients through 1.5 tesla MR images fused with CT images, and target was contoured on fused images. Relocatable stereotactic frame was employed for individuation of stereotactic coordinates; thermoplastic mask with byte was used to achieve the same head positioning at each fraction, but patient positioning was controlled through i-view system by radiographic anatomical landmarks. Organs at risk were contoured, and particular attention was paid to the dose adsorbed by optic chiasm, carotid arteries, intracavernous cranial nerves, diencephalus, and hippocampus. Radiotherapic dose administered was 40 Gy, delivered through 10 biweekly fractions. Concerning patients with suprasellar temporal and frontal tumor remnant, a complex radiotherapic treatment was planned and performed, delivering radiation dose both in the intrasellar operative field and at the anterior/lateral suprasellar tumor remnant, sparing in particular the optic chiasm between the two tumoral remnants, thanks to intensity-modulated radiotherapy (IMRT; Figure 7 ). 
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Before radiotherapy, blood hormone dosages were assessed to test endocrinological status. Moreover, cognitive status was tested before and after radiotherapy once a year for the first 3 years and once at 2 years afterward, through neuropsychological test such as Mini-mental test, Rey-Osterrieth test (ROCF), Raven test, Stroop test, and verbal fluency test (COWAT).
Radiotherapic dose adsorbed by hippocampus was in all patients very low and however considerably less than the radiotherapic dose responsible of intellectual damages.
Results
In general, the modified technique allowed to achieve in our experience better results concerning intraoperative CSF leak (2.4% instead of 22.5%) and postoperative CSF fistula 0% instead of 7.4%), average time of postoperative stay in hospital (4.3 days instead of 8.2 days).
After surgery, all patients affected by visual acuity and campimetry impairment presented precocious improvement; out of the 16 patients affected by diplopia due to 3rd/4th/6th cranial nerve palsy, 14 patients presented total recovery during an average period of 4 weeks, one patient presented improvement and another remained unchanged. Postoperative hormonal status remained unchanged in all patients: neither improvement nor worsening than preoperative hormonal status occurred after surgery, and patients with preoperative hypopituitarism were submitted to hormonal substitutive therapy. Two patients presented rhinoliquorrhea after 2 and 5 weeks, respectively; they were treated by instillation of fibrin glue into the sphenoidal sinus under CT control [7] .
One patient presented transitory sixth cranial nerve palsy with diplopia and complete recovery occurred after 2 months. Concerning tumor removal, apparent total removal was performed in 51 patients, while in other 37, gross total removal was accomplished; tumor remnants located into the cavernous sinuses (45 cases), in frontal (5 cases), and temporal lobes (12 cases) were left in situ. During an average follow-up period of 9.7 years, after our protocol represented by conservative surgery followed by HSRT, only one patient presented a hemorrhagic tumor regrowth, 4 years after radiotherapy, with optic chiasm compression; transsphenoidal reoperation was performed and patient recovered visual deficit, and after 4 years from second surgery, no new tumor recurrence/regrow was registered. Leaving in situ small tumoral remnant adherent to suprasellar critical structures (diencephalus, A1 tracts of ACA), we often observed a progressive descent of tumoral remnant into the sellar cave (Figure 8) , with possibility to perform a second transsphenoidal stage or radiotherapy.
Concerning the 114 patients who presented preoperative hormonal deficit and therefore were under substitutive medical therapy, it should be noted that only in two of them, medical therapy with hydrocortisone was increased 6.4 and 8.1 years after HSRT; in the other, after an average follow-up period of 10.4 years, medical therapy remained unchanged, and quality of life was very satisfactory.
Regarding the 24 patients who were not affected by preoperative or postoperative hormonal deficit, in only one of them, replacement therapy with hydrocortisone and testosterone was necessary 6.7 years after HSRT. Three young female patients treated in our series 4, 6, and 7 years, respectively, after surgery and HSRT, experienced successful pregnancy.
Concerning neurocognitive status, no patient suffered from intellectual deterioration according to patients'/relatives' opinion and according to neurocognitive tests.
One patient presented rhinoliquorrhea after 2 months from radiotherapy, but he was treated conservatively with medical therapy (acetazolamide for 2 weeks), rest and life advices for 10 days with resolution.
No problems concerning trigemino-cardiac reflex [8, 9] were observed in this series.
Surgical findings vs. MR images
Concerning cavernous sinus invasion, intraoperative microsurgical/endoscopic view revealed a minor rate of cavernous sinus invasion than preoperative MR images. Moreover, operative view was the only possibility to detect dura mater infiltration and suprasellar arachnoidal infiltration by the tumor in many cases; this aspect was evident at preoperative MRI in those tumors which showed a clear invasive behavior (Figure 4) . Intraoperative evidence of dura mater and suprasellar arachnoid infiltration significantly influenced our choice to perform postoperative hypofractionated radiotherapy.
Surgical removal of invasive pituitary adenomas
In consideration that pituitary adenomas are benign tumors, our first objective was to decompress neurological structures removing tumor as much as possible without causing new neurological deficit and without running high risks of life to remove small tumor remnants adherent to the suprasellar and laterosellar vital neurovascular structures. According to this objective, we did not perform tumor removal into the cavernous sinus and we did not perform any traction on the superior tumoral portion adherent to vital neurovascular structures (A1 tracts of anterior cerebral artery, diencephalus, optic chiasm), leaving in situ these small tumoral remnants. This conservative behavior allowed to achieve very satisfactory postoperative results in absence of neurological deficit; concerning tumoral remnant, postoperative MRI confirmed in all patients a progressive descent into the sellar cave of superior tumor remnants.
Our modified surgical technique is indicated for huge pituitary adenomas with marked suprasellar extension operated on by transsphenoidal surgery. The technique allows to prevent the occurrence of a precocious intraoperative descent of suprasellar cisternal plane and its related consequences above mentioned and to perform a tumor removal larger than patients operated with standard technique. When intraoperative CSF leak occurs, the surgeon has to fill the sphenoidal sinus and the sella turcica with material of apposition [10, 11] , and this situation precludes, or however delays, the progressive descent into the sella turcica of the suprasellar tumoral remnant in case of gross total removal when the suprasellar tumoral remnant is adherent to suprasellar structures. Moreover, intraoperative CSF leak exposes patients to the risk of a postoperative rhinoliquorrea and its related eventual complications (cephalalgia, pneumoencephalus, subdural hematoma, and meningitis). On the contrary, when intraoperative CSF leak does not occur, an eventual tumoral remnant can descend into the sella turcica after few weeks (Figure 8 ) because of the absence of excessive presence of material of apposition.
Indication to postoperative radiotherapy and side effects
Nowadays, there is not yet a unique indication and modality to perform postoperative radiotherapy [12] [13] [14] . Some centers consider immediate postoperative radiation therapy in an attempt to prevent tumor regrowth, but risk of complications such as hypopituitarism, cerebrovascular disease, potential neurocognitive dysfunction, and a low long-term risk of secondary intracranial tumors are reported. Concerning these risks, it should be noted that they are usually related to conventional radiotherapy that was performed in the past decades, and a sufficiently long follow-up period is available. Concerning our experience with hypofractionated stereotactic radiotherapy, our data show that rate of side effects is extremely low, however considering that average follow-up period after HSRT is 9.8 years.
No cerebrovascular disease, neurocognitive dysfunction, or secondary intracranial tumors were registered in our experience with HSRT. Concerning hypopituitarism, first of all, we have to consider that in the presented series, a relevant part of patients presented preoperative hypopituitarism; however, only three patients needed substitutive medical therapy (hydrocortisone and levothyroxine) respectively after 3, 5, and 6.4 years after radiotherapy. Finally, we registered that three young female patients treated in our series experienced successful pregnancy. Hypofractionated stereotactic radiotherapy was preferred to radiosurgery because the first one, in our experience, allowed a very satisfactory tumor control with negligible side effects; moreover, HSRT allows to treat also tumor remnants (Figure 7) more voluminous than radiosurgery, in absence of damages to the critical neurovascular structures of the pituitary-diencephalic region.
Finally, concerning timing of HSRT, in our patients, we performed the treatment as soon as the MRI showed the descent of the tumor remnant into the sellar cave (between 1 and 4 months); in the cases of tumor remnant into the cavernous sinuses, HSRT was performed between 1 and 2 months. Recurrence after radiotherapy occurred in the only patient who performed HSRT 5 years after surgery, when the tumor remnant had already regrown; it is known that effect of radiotherapy is better, as well as the tumor remnant is small. Therefore, our indication is that HSRT in voluminous invasive pituitary adenomas should be performed as soon as possible, but ideally when tumor remnant has been descended into the sellar cave and optic chiasm has been decompressed.
One important aspect is the correct evaluation of postoperative MRIs after transsphenoidal surgery for huge pituitary adenomas; usually, the neurosurgeon evaluates by himself the extent of removal, and usually, MRI is significant 2-3 months after surgery. Precocious MRIs within the 2-4 weeks after surgery are not so significant for evaluation of tumor removal, because of the presence of material of apposition, because of the absence of tumor capsule collapse, etc. (Figures 9-11 ). 
Conclusions
In our experience, the presented modified transsphenoidal microsurgical technique for removal of huge pituitary adenomas with marked suprasellar extension minimizes damages to the suprasellar cisternal plane, and therefore, intraoperative CSF leak is very rare; total removal can be achieved with higher percentage rate than patients operated with standard technique however in noninvasive adenomas. Postoperative stay in hospital is shorter, and nasal packing can be removed in the first postoperative day. For huge invasive dumbbell-shaped adenomas, personalized treatment should be performed according to the degree of neurovascular structures encasement (optic chiasm, diencephalus, cavernous sinuses, and A1 tracts of anterior cerebral arteries).
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